INTRODUCTION
Base isolation is a seismic response modification technology developed in mid 1970's to control the extent of damage to structures subjected to strong ground motion excitation. However, the acceptance of the technology increased significantly after the observed response of seismically isolated structures in 3 earthquakes: The 1994 Northridge earthquake in the USA, the 1995 Hyogoken-Nanbu earthquake in Japan and the 1999 Chi-Chi earthquake in Taiwan. Over this period, the number of seismically isolated structures worldwide increased, and the building codes have been revised to include design requirements for seismically isolated structures [1] .
The elastic design approach, which aims to avoid yielding of the isolated superstructure, is embedded in the design codes worldwide. Eurocode [2] allows a maximum behavior factor value of 1.5 for base-isolated buildings. US ASCE 7 [3] allows the strength reduction factor for a base-isolated superstructure to be 0.375 times the one for a corresponding fixed-base structure and no larger than 2. Given that the large majority of ASCE 7 overstrength factors are between 2 and 3, the superstructure is very likely to remain elastic for the design-level seismic hazard. However, it is still possible for these structures to enter the inelastic range due to an extreme seismic demand or unexpectedly low as-built overstrength.
Constantinou and Quarshie [4] , Ordonez et al. [5] , Kikuchi et al. [6] , Thiravechyan et al. [7] and Cardone et al. [8] investigated the response of inelastic seismically isolated structures and agreed that allowing base-isolated superstructures to yield requires careful consideration because of possible occurrence of large ductility demands. Vassiliou et al. [9] [10] [11] concluded that designing typical seismically isolated structures to behave elastically, as prescribed by current seismic design codes, is not overly conservative but a necessity that emerges from the fundamental dynamics of such structures.
This study aims at quantifying the probability that an isolated superstructure designed according to the current design codes enters the inelastic behavior range. Additionally, incremental dynamic analysis [12] is performed to determine the behavior of the isolated structure for ground motions caused by events of higher seismic hazard than the design hazard level. Huang et al [13] have presented fragility curves for the estimation of the probability of failure of base-isolated nuclear power plants for a range of spectral acceleration values. Han et al [14] used the damped spectral acceleration at the effective period of the isolators Sa (Teff) as an intensity measure to determine similar fragility curves for non-ductile reinforce concrete buildings.
Four assumptions are made in the study. First, the displacement and strength capacities of the isolators are assumed to be sufficient to meet any demands. Second, friction-pendulum bearings are assumed, unless explicitly stated otherwise. Third, the overstrength, i.e., the difference between the actual and the yield strength of the isolated superstructure, is not explicitly considered in the model. Fourth, the response of the dynamic model is computed in-plane to an earthquake excitation that has a single horizontal component, disregarding the coupled bi-directional horizontal and vertical response of the isolators as well as the effect of multidirectional excitation on the response of isolated superstructure.
DYNAMIC MODELLING
The dynamics of a base-isolated structure, following to the work of Naeim and Kelly [15] , is investigated using a two-degree-of-freedom (2-DOF) in-plane model, presented in Fig. 1 . The system consisting of the isolation bearings and the isolation base is defined as the isolation system. The structure above the isolation system is defined as the isolated superstructure.
Masses ms and mb represent the mass of the isolated superstructure and the mass of the base above the isolation system, respectively. The stiffness and damping are denoted as ks, cs, when referring to the superstructure and as kb, cb when referring to the base. The stiffness kb is the post-yielding stiffness of the isolators [16] , whereas the equivalent stiffness shown in Fig. 1 Horizontal displacement us is the relative displacement of the superstructure with respect to the base and ub is the horizontal displacement of the isolation bearings with respect to the ground. The ground displacement to which the system is subjected is denoted as ug. The notation used to describe the inelastic response of fixed-base single-degree-of-freedom (SDOF) structures is adopted as follows. The vibration period of the SDOF system is Tn. The displacement ductility ratio μ is defined as:
where um and uy denote the maximum inelastic displacement and the yield displacement of the SDOF system, respectively. The strength reduction factor Ry is the ratio of the minimum strength required to maintain the SDOF system response in the elastic range, Fel,s to the SDOF system yield strength Fy,s:
The following quantities are defined for the 2-DOF model of the base-isolated structure:
1. Period and cyclic frequency of the isolated superstructure:
2a. Isolation period and cyclic frequency:
2b. Effective isolation period and cyclic frequency:
3. Non-hysteretic structural and isolation system damping ratios:
4. Mass ratio:
The strength of the isolation system is defined as Q (force at zero displacement). Dynamic equilibrium of the isolated superstructure and the base isolation system gives:
Dynamic equilibrium of the isolated superstructure alone gives:
Consequently, Equations (8) and (9) become equations of motion of the combined structureisolation system. Equations (10) and (11) are derived by dividing equations (8) and (9) by (ms+mb). The inelastic displacement demand for the isolation system and the isolated superstructure can be obtained by solving Equations (10) and (11) using Matlab [17] .
An identical 2-DOF model was developed in OpenSees [18] to compute the inelastic displacement demand of both systems, using bilinear inelastic behavior models as the one shown in Fig. 1 for the superstructure and the isolators. This model gives identical results with the ones obtained using the Bouc-Wen models presented above in Matlab. The calculation process using Bouc-Wen models in Matlab was performed to quantify the fundamental parame- ters of the problem. However, the results presented on this study are computed with bilinear models (Fig. 1) using OpenSees for reasons of computational efficiency.
CODE EVALUATION: DESIGN HAZARD LEVEL
Eurocode 8 [2] allows a maximum strength reduction factor value of 1.5 for base-isolated buildings, thus implying the development of limited inelastic behavior in the isolated superstructure for the design hazard level. A number of recorded ground motions were selected and scaled until its acceleration response spectrum matches the design spectrum, as defined in Eurocode 8 [2] . The 2-DOF structure of Fig. 1 was subjected to the scaled ground motion ensemble. Lognormal probability distributions were fit to the determined displacement ductility demand values of the structure for this ground motion ensemble. The probability that the structure enters the inelastic range, thus exceeding the values implied by the code, is determined through the statistical processing of the recorded ductility values.
Design of the isolated structure
The structure that has been investigated in this study is the National Opera of Greece, which belongs to the Stavros Niarchos Foundation (SNF) Cultural Center. This structure has been chosen as an example of inelastic design of base-isolated structures, as a strength reduction factor of 1.5 has been used for its seismic design [19] . The design spectrum for the structure (PGA=0.267g) was based on a microzonation study, conducted due to the importance of the project, and is shown in Fig. 2 below. The return period of this spectrum is 475 years, which corresponds to 10% probability of exceedance in any 50 year period. Figure 2 : Elastic design acceleration spectrum [19] The strength of the isolation system is determined using Equation (12) for frictionpendulum bearings with the coefficient of friction μf =0.05 (g the acceleration of gravity). The mass ratio is γm=0.9.
Then, for ms=120000 tons, Q=58860 kN. The effective period of the isolators is Teff=2.6 sec. The design displacement for the isolators (ξeff=15%, Se=0.141g) is Dd=235*1.5=351 mm. Then, the post-yielding stiffness of the isolators kb=(keff Dd-Q)/Dd=303922 kN/m, which leads to a period Tb=4 sec. The yield strength of the structure for a behavior factor of q=1.5 is Fy=(ms+mb)Sa(Teff)/q=165536 kN.
Ground motion excitation
The ground motion ensemble used to excite the model of the isolated structure presented in Fig. 1 was taken from the strong motion database presented by Vassiliou and Makris [20] . From the 183 ground motions used that study, 20 motions were chosen for this study, using the minimization of the root-mean-squared error (RMSE) between the selected motions' acceleration response spectrum and the target design spectrum (Fig. 2) , as performed by Carlson et al [21] . RMSE is defined as follows:
where Satar(Ti) and Sarec(Ti) represent the spectral acceleration at the ith period, Ti, for the target spectrum and recorded ground motion acceleration response spectrum, respectively, and n represents the number of spectral points. The median of the selected ground motion ensemble spectra and the target spectrum are shown in Fig. 3 . According to EC8, in the range of periods between 0.2T1 and 2T1, where T1 is the fundamental period of the structure in the direction where the accelerogram is applied, no value of the mean 5%-damping elastic spectrum, calculated from all time histories, should be less than 90% of the corresponding value of the 5%-damping elastic response spectrum.
Probabilistic evaluation at the design hazard level
The structure presented at section 3.1 was excited by the ground motion excitation ensemble shown in Fig. 3 . The displacement ductility demand developed in the superstructure was calculated for each ground motion excitation and it is shown in Fig. 4 . A lognormal probability distribution was fit to the displacement ductility data and is presented in Fig. 4 . The probability of exceedance of µ=1 for the given hazard level (Return period: 475 years, Probability of exceedance=10% in 50 years) is given by the PEER probabilistic PBEE evaluation methodology shown in Equation (14) [22, 23] :
where f(IM) is the Probability Distribution Function (PDF) of the Intensity Measure IM and G(EDP|IM) is the Probability Distribution Function (PDF) of the Engineering Demand Parameter EDP given the Intensity Measure IM. The EDP chosen in this study is the displacement ductility µ and the IM is the 5% damped spectral acceleration at the effective period of the isolators Sa (Teff) [14] . For this lognormal distribution (µ=0, =0.17), the probability of exceedance of µ=1 is 50% given the exceedance of the intensity measure Sa (2.59 sec)=0.141 g. The probability of the exceedance of the intensity measure Sa (2.59 sec)=0.141 g is 10% in 50 years, which corresponds to the design hazard return period of 475 years. Then, from Equation (14), the total probability that the displacement ductility µ exceeds 1 is 5%. This probability that is associated with damage in the superstructure is considered relatively high for the importance of this structure. Therefore, the choice of a strength reduction factor Ry=1.5 does not guarantee the quasi-elastic behavior implied by the code for this structure. However, the consideration of overstrength that has not been taken into account in this case study may change this conclusion, as it would reduce the probability of inelastic behavior in the superstructure.
CODE EVALUATION: BEYOND DESIGN HAZARD LEVEL

Incremental Dynamic Analysis
The evaluation of the existing code provisions for isolated structures for seismic hazard levels that are higher than the design hazard level requires the statistical processing of the dynamic response of the structure to a large number of strong ground motion excitations. This process can be effectively performed for the targeted hazard levels using Incremental Dynamic Analysis (IDA) [12] . The incremental analysis was performed for the fixed-base period of the isolated superstructure Tn=0.31 sec. The results of the analysis for a wide range of intensity measures Sa (Teff) are shown in Fig. 5 . The Sa(Teff) values presented are selected from the set {0.1g, 0.2g, 0.3g, 0.4g, 0.5g, 0.6g} within a 5% tolerance range. A power-law fit was performed to indicate the general trend of the displacement ductility µ results for varying Sa(Teff) values. Lognormal probability distributions were fit to displacement ductility µ data for each spectral acceleration value Sa(Teff) above the yield limit Sa(Teff),yield. According to the results of the power-law fit, the design acceleration of the structure corresponds to a displacement ductility µ=0.5. The yield spectral acceleration value, which corresponds to displacement ductility µ=1 is Sa(Teff),yield=0.4 g. This spectral acceleration, which can lead to damage in the superstructure, exceeds the design value by a factor of 3. If higher Sa(Teff) values than this value are considered (e.g. Sa(Teff)=0.5 g or Sa(Teff)=0.6 g), extensive damage may occur in the superstructure, as the corresponding ductility demand values may exceed µ=7.
This exceedance of the design spectrum even by a factor as high as 3 over a large range of periods has been reported in numerous seismic events (Mexico City 1985, Kobe 1995, Nepal 2015) in the past. A large number of ground motions recorded on "soft" soils have produced response spectra of a sharp rather than flat shape, with well-defined peaks around the site fundamental period, as presented by Gazetas et al [24] . Thus, such high demands on isolated structures cannot be excluded from consideration.
CONCLUSIONS
 Two different ground motion selection procedures have been used in this study to evaluate the inelastic behavior of the National Opera of Greece for different seismic hazard levels.
 The results obtained through a spectral matching procedure based on the RMSE factor [21] indicate a 5% probability of inelastic behavior and associated damage in the superstructure for the design seismic hazard level (return period of 475 years).
 However, the results obtained through IDA [12] show that the design spectrum must be exceeded 3 times for a development of inelastic behavior in the superstructure. This scaling process was performed for selected values of spectral acceleration Sa(Teff), which restricts the ground motion variability, compared to the spectral matching procedure that was used for the design hazard level evaluation.
 The overstrength of the superstructure was not considered in this study. The consideration of overstrength is expected to reduce the probability of inelastic behavior in the superstructure.
